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Introduction
In electrochemistry, the estimation of the heterogeneous electron transfer rate constant, k 0 , is of paramount interest when the performance of electrode materials are examined. The rate constant gives the user an indication of the speed of electron transfer between an electroactive species and an electrode surface, whether the electrode material determines the overall rate of the electrochemical reaction, and could even be used to estimate the allotrope of the material in question [1] . As it stands, k 0 is one of the strongest pieces of information one can extract through use of electrochemical techniques; hence users have been reporting k 0 values voltammetrically since at least 1956/ 1957 when the theory of electron transfer was reported by Marcus [2] [3] [4] , and impedimetrically since at least 1947 when Randles studied the kinetics of mercury electrodes [5] .
Over time, there has been little diversity in terms of experimental determination of the k 0 of a given system. The most popular method for the determination of k 0 is Cyclic Voltammetry (CV), since Marcus theory was first reported. Electrochemists commonly take ideas developed by Nicholson [6] [7] [8] to estimate the k 0 values for their electrode material. A typical procedure is to investigate the peak-to-peak separation, ΔE P (see Fig. 1 ), of a redox couple as a function of scan rate in a quasi-reversible system. The Nicholson method introduces the dimensionless parameter, ψ, which is plotted against the ΔE P for a given system to produce a working curve. The dimensionless parameter thus indicates electrochemical reversibility (where ψ = 20, the system is reversible; where ψ ≤ 7, the system is quasi-reversible) and
Email address: E.Randviir@mmu.ac.uk (E.P. Randviir) is fitted to ΔE P to analyse electrochemical systems, such as cadmium reduction which was reported originally [8] . Today, this process is made much simpler by the excellent work reported by Lavagnini et al. [9] Their work takes Equation (1) , which is the link between the dimensionless parameter ψ and k 0 , and reports it graphically by calculating ψ from the ΔE P , X, in mV (Equation (2)):
where D is the diffusion coefficient of the electroactive species, n is the number of electrons transferred in the electrochemical reaction, F is the Faraday constant, R is the molar gas constant, and T is the absolute temperature. Through this mathematical manipulation, k 0 is taken directly from the slope of the graph of ψ versus [πDnFν/RT] −1/2 . The method improves the Nicholson method by not only making quantitative evaluation of the rate constant easier, but also by extending the working range of the Nicholson parameter towards significantly higher (and lower) peak potentials. These principles have been applied to estimate electron transfer rates of many materials; Table 1 disseminates some electrode materials and lists their reported heterogeneous electron transfer rate constants. There is an obvious limitation of this method, however. The method only works for quasi-reversible systems, because it relies upon the fact that a quasi-reversible system will increase its ΔE P as the scan rate increases, because the rate of mass transport is becoming quicker than or equal to the rate of electron transfer in this case. Furthermore, sys https://doi.org/10.1016/j.electacta.2018.08.021 0013-4686/ © 2018.
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Cyclic voltammetry profiles typical of 0.5 mM hydroquinone in pH 7.4 phosphate buffer solution, illustrating the increase in ΔE P as the scan rate increases. tems with high solution resistance or capacitance give rise to errors in the CV-determination of electron transfer rate constants using the Nicholson method because current signals are masked by non-Faradaic effects. Another limitation of this approach is that the method is limited when the ΔE P values increase beyond 212 mV, which precludes examination of electron transfer rate constants for irreversible systems too. Despite the limitations to the Nicholson method, it is still used by electrochemists today, but often in a revised format such as in Lavagnini's work (vide supra) [9] . k 0 values can be measured using digital simulations for both electrochemically reversible and irreversible cases, while Electrochemical Impedance Spectroscopy (EIS) is another method which has the ability to measure k 0 values for charge transfer reactions and is thus useful for reversible reactions where CV is not suitable. The earliest example of the latter, to my knowledge, was by Randles, whose paper investigates the kinetics of rapid electrode reactions [5] . The paper introduces itself by stating that rapid electrode reactions are almost always described as being controlled by diffusion, because the rate of electron transfer cannot be limiting the overall reaction rate. However, one should not forget that the electron transfer still contributes to the rate, and hence the derived expression to quantify the electron transfer rates of 'reversible' electrode reactions. The impedance work on cadmium and thallium was the first of its kind in terms of proving that k 0 can be deduced from EIS by utilising Equation (3), where R r is termed as the series resistance due to a Faradaic process, ω is the an gular frequency and C r is the pseudocapacitance due to the Faradaic process. Note in some old texts, R r is also denoted as R s , which is sometimes referred to as the polarization resistance. Some texts recommend against this terminology [10] .
Practical utility of this equation has been limited, since researchers tend to use the Nicholson equation to determine electron transfer rate constants for electrode reactions. Furthermore, modern notation rarely sees terms such as R r and C r , and interpretation of how these components translate to modern notation (i.e. R CT and Z W ) is rarely discussed. Scheme 1 depicts a Randles circuit for an electrochemical cell, split into its three contributory components: the solution resistance (R Ω ), in series with the double layer capacitance (C DL ) and the frequency-dependent impedance (Z F ). The frequency-dependent impedance component in the original work by Randles was modelled as an ideal resistor in series (R r ) with a pseudocapacitance (C r ) element, the summation of which became Z F . In modern terminology, the resistance observed in the series impedance component is termed the charge transfer resistance (R CT ), in series with impedance due to diffusion (Z W ). However, R CT and R r are not analogous; in fact, R r is the summation of R CT and diffusional components, taking into account the relative electron transfer coefficients (β) and diffusion regimes of both the oxidation and reduction processes of a redox couple, given by:
where:
Note ω is the frequency of the applied perturbation. Now it is seen from Equations (4) and (5) that R CT is not directly translatable to R r , since the R CT model is for electron transfer only, and not diffusional impedance as a result of the development of concentration gradients at the electrode surface. For this reason, R CT is only a valid measurement when C OX = C RED , and the experiment is measured at a high enough frequency such that Warburg impedance is not a factor in the where:
R CT reflects the charge transfer kinetics of an electrochemical reaction and is the ratio of the applied ac perturbation to the observed Faradaic (ac) current produced in an electrochemical reaction. The foundation of modern day impedimetric notation probably started with the series entitled "On the Impedance of Galvanic Cells" authored by J. H. Sluyters. In the first paper, Sluyters discussed the theory of galvanic cell impedance and hypothesized that parameters such as R S , R CT , and Z W could be deduced from the real and imaginary parts of the total impedance data. Sluyters and Oomen then successfully determined k 0 for Zn(Hg)/Zn 2+ in a mixture of NaClO 4 and HClO 4 , while simplifying the derivation of k 0 [11] . The authors reported that the charge transfer resistance, R CT (denoted as θ in their work), calculated from equivalent circuit fitting in EIS experiments is inversely proportional to the exchange current density, i 0 , via Equation (8) [12, 13] :
Also, i 0 is related to k 0 via equation (9) [12, 13] :
so it follows that [13] :
These equations assume equimolar concentrations of oxidised and reduced species at the electrode surface at a given point in time, which becomes very important for EIS determination of k 0 . The original report by Randles states that the derivation of Equation (3), and consequently Equation (10), is for the case when the electrode process is so rapid that it can be termed reversible. Whilst this needs to be kept in mind throughout, the inference is that the equation can also be applied to other simple electrochemical systems because EIS takes into account diffusional processes through manipulation of the real and imaginary components of EIS spectra. Equation (10) has proven to be practical in a number of casesas highlighted by the work presented in Table 2 .
The focus of this paper is to critically compare k 0 values for a range of systems using CV and EIS. This work also provides a graphical method to measure k 0 using EIS, as was the case in the work by Lavagnini with the Nicholson method [9] . This work could provide a very useful method for the case of electrochemically irreversible systems where k 0 cannot be measured utilising the Nicholson method, as the data analysis for our method takes place at one charge transfer reaction instead of observing the differences between two, which cannot be done in the case of an electrochemically irreversible system. [36] a Rate constant quoted for 63.7 mC cm −2 polymerisation charge with 1 mM potassium ferricyanide.
Experimental

Chemicals
All chemicals were of the highest grade commercially available and obtained from Sigma-Aldrich (UK). All solutions were prepared using deionised water of resistivity of no less than 18.2 MΩ cm. All electroactive materials were dissolved in pH 7.4 Phosphate Buffer Solution (PBS) with 0.1 M KCl as a supporting electrolyte. Hydroquinone, ascorbic acid, and dopamine solutions were prepared on the day of testing and kept in the dark. Potassium hexachloroiridate was used as a reference redox probe.
Apparatus
Electrochemical measurements were performed at ambient temperature (22 ± 2°C) using an Ivium CompactStat™ (Netherlands), housed in a grounded home-built copper mesh Faraday cage. The software package was IviumSoft. The selected cell configuration comprised of a screen-printed three electrode system including a carbon working and auxiliary electrode, and an Ag/AgCl reference electrode. The electrodes were printed in-house as reported previously [14] [15] [16] . Briefly, a layer of appropriate carbon ink is printed onto a polyester substrate and cured at 60°C for 30 min. Second, a Ag/AgCl paste is printed on top of the reference area of the electrode and cured at 60°C for a further 30 min. Finally, a dielectric is printed on top to protect the electrode connections and define the working, auxiliary, and reference sections of the electrode. The electrodes are cured once more at 60°C for 30 min. The electrodes are then ready for experimentation. The same procedure is applied to all the different electrodes utilised in this work: Edge plane-like SPE ink (ESPE); Low Resistance Ink SPE (LRI-SPE); Basal plane-like SPE (BSPE); and Graphene SPE (GSPE).
Electrochemical parameters
The electrochemical cell was 25 mL in volume and composed of the target material dissolved within 0.1 M pH 7.4 phosphate buffer solution and 0.1 M KCl, unless otherwise stated. Voltammetric potential windows differ depending upon the electroactive species and will be discussed separately in each section. The EIS excitation potential in each case is equal to the half wave potential of the oxidation process using cyclic voltammetry at 100 mV s −1 . This is to ensure equimolar concentrations of the oxidised and reduced species at the electrode surface at all times. Voltammetric measurements were performed with a +10 mV potential step. A new electrode was used between measurements. The frequency range selected for EIS was 10000-0.2 Hz. The EIS spectra were modelled using a simple Randles circuit ( Fig. 2B) in Ivium Equivalent Circuit Evaluator. The amplitude of the ac voltage applied in EIS experiments was 10 mV. 
Electrode compositions and characteristics
The electrodes utilised in this work are defined above. The inks for the different SPEs were all obtained commercially and are detailed as follows: ESPE (Product Code: C2000802P2; Gwent Electronic Materials Ltd, UK); BSPE -(Product Code: ED5020; Electra Polymers Ltd, UK); GSPE (Product Code: HDPlas™ Graphene Ink SC213; Haydale Ltd, UK); and LRI-SPE (Product Code: C2130925D1; Gwent Electronic Materials Ltd, UK). ESPE has been characterised previously [14] and exhibits 39.0-41.0% solid content, suspended in diacetone alcohol (solvent makes up 35% of the ink) according to the manufacturer. ESPE also exhibits a viscosity of 2.0-3.5 Pa and an ink screen life of three hours. The composition deficit is made up of carbon black to improve the conductivity of the ink, providing the ink with its edge plane-like properties. The BSPE ink is described as a thermal carbon conductor paste. The specific details of the ink are withheld by the manufacturer, but their Materials Safety Datasheet (MSDS) alludes to the carbon being suspended in a mixture of solvents, namely 2-(2-butoxyethoxy)ethanol (30-60%), formaldehyde (<0.1%), isopropyl alcohol (0.1-1%), n-butanol (0.1-1%), and phenol (<0.1%). The basal-like characteristics are assumed to be typical of the presence of polymeric binders, as discussed by Choudry et al. [15] The GSPE ink has been characterised previously [14] where it was revealed that it is a carbon-based carrier ink (43-45% solid content) with a viscosity of 8.0-11.0 Pa and an ink screen life of three hours. The ink is loaded with small amount of carbon black, to improve conductivity, and contains graphene nanoplatelets produced via a split plasma process, resulting in graphene which is lacking in structural damage. The LRI-SPE contains 39.0-41.5% solid content and exhibits a viscosity of 8.0-11.0 Pa, with an ink screen life of over three hours. The ink is designed to exhibit a high conductance (hence, low resistivity) and thus should be ideal for impedance measurements.
Limitations of screen-printed electrodes
The author acknowledges some inherent limitations with SPEs throughout the work. Indeed, more conventional electrodes (e.g. gold, glassy carbon) could have been chosen for these experiments. At the time of data collection, such conventional electrodes were unavailable to the author and hence the data was exclusively collected using SPEs. The major limitation of SPEs in the context of this work is the non-uniform topography (i.e. unpolished) causing heterogeneous electron transfer at different rates across the surface. However, it should also be noted that previous works have identified the rate constant on a macro-scale to differ with a %RSD under 5% (see Randviir et al. [14] ), and therefore the author believes the electrodes to be analytically useful under the conditions outlined within this manuscript. Another limitation of such electrodes is the intentional inclusion of binders to "slow" the electron transfer rate kinetics in the case of the BSPE. It should be stated that the binders are inserted in a known capacity, resulting in a high level of kinetic control. SEM images of the electrode surfaces are provided in Reference [15] for interested readers. Further, the surface roughness of the SPEs is a potential factor influencing the EIS response. Indeed, previous reports focussing on the change in electron transfer rate constant using polished versus unpolished SPEs indicated that polishing the surface is beneficial for inner-sphere redox probes, while the effect upon outer-sphere redox probed was unaffected [17] . The authors in this case ascribe the changes in voltammetric behaviour to the change in carbon/oxygen ratio at the electrode surface, which is widely known to influence change transfer.
Results and discussion
To robustly test k 0 values, the voltammetric k 0 values of dopamine and hydroquinone utilising the modified Nicholson method is first explored [9] . This is easily tested by investigating the ΔE P as a function of scan rate, according to Equations (1) and (2) . The voltammetric responses of dopamine and hydroquinone are presented in Fig. 3A and B, respectively. In both cases, the peak current is observed to increase regularly according to the Randles-Ševćik equation for a reversible reaction: where I P is the peak current, and n, F, D, A, C, υ, R and T have been defined previously. The ΔE P is observed to increase as the scan rate increases, indicating a quasi-reversible system due to the rate of mass transport being approximately equal to the rate of electron transfer. In the case of 100 mV s −1 , for example, the ΔE P for dopamine corresponds to +210 mV, which increases to +350 mV when the applied scan rate is increased to 400 mV s −1 . Similarly in the case of hydroquinone, the ΔE P of +280 mV at 10 mV s −1 increases to +580 mV when the applied scan rate is increased to 400 mV s −1 . These in creases are converted into ψ values, which are plotted against [πDnFν/RT] −1/2 , and presented inset in Fig. 3A and B for the respective analytes. The slope is then equal to k 0 as in Equation (1); the values correspond to 3.30 × 10 −3 and 5.18 × 10 −4 cm s −1 for dopamine and hydroquinone, respectively, using an ESPE electrode. The result for dopamine is in excellent agreement with values reported for a glassy carbon electrode [18] . Equation (6) describes the relationship between k 0 and R CT , two quantities which are related to the concentration of the electroactive species. In order to make this equation algebraic and functional as a linear plot, it can be expressed as:
We now have a simple mathematical expression for R CT in terms of the concentration and, given that the remainder of the equation contains known quantities (with the exception of k 0 ), this can be used to graphically measure k 0 [11, 13] . Fig. 4 depicts EIS profiles using an ESPE electrode for dopamine and hydroquinone, respectively, where the voltammetric half wave potential (at 100 mV s −1 ) has been selected as the excitation potential in both cases (+0.13 and + 0.1 V for dopamine and hydroquinone, respectively). The R CT is observed to decrease as a function of concentration in both cases, and is observed in the plots of R CT versus the reciprocal of the concentration, inset in Fig. 4A and B . The slope is almost perfectly linear in both cases for dopamine the R 2 value corresponds to 0.9996, and for hydroquinone the R 2 value corresponds to 0.9968. The % Relative Standard Deviation (RSD) remains lower than 5.5% across the linear range of 50-285 nM for dopamine. Likewise, for hydroquinone, the % RSD remains below 8% across the linear range of 110-620 nM. For comparative purposes, the concentration versus peak current is investigated via CV, using hydroquinone as the model example. In this experiment, the linearity coefficient was slightly less (R 2 = 0.9929), and the sensitivity was found to be very high (1.967 × 10 4 μA mM −1 ). A decrease in R CT of 9.67 Ω for every unit of 1/C, in the case of EIS is noted.
The rate constants are calculated from the slope of the graph of R CT versus the reciprocal of the concentration according to Equation (8) , and correspond to 5.98 × 10 −4 cm s −1 for the case of dopamine and 3.49 × 10 −4 cm s −1 for the case of hydroquinone. Comparing to CV, where the k 0 values for dopamine and hydroquinone are estimated to be 3.30 × 10 −3 and 5.18 × 10 −4 cm s −1 , respectively, it is seen that in the case of dopamine, CV estimates the rate constant to be one order of (12) magnitude faster, yet in the case of hydroquinone, both methods estimate values of the same order of magnitude. Small k 0 differences can be ascribed to errors such as the % RSD of the SPEs and electrode passivation. In the case of dopamine, however, there is clearly a major discrepancy between the heterogeneous electron transfer rates. Consequently, the work now turns towards explaining the different observations by considering the electrochemical mechanisms which are undertaken by both molecules.
It is well known that dopamine undergoes a complex electrochemical mechanism. In aqueous solutions, the likelihood is that an EC-type reaction is taking place, depicted in Scheme 2. There is a two electron, two proton electrochemical oxidation step initially, which is followed by the chemical step, which is a Michael addition of the primary amine group to position 6 on the aromatic ring [19] . This intramolecular reaction, coupled with potential intermolecular polymerisation reactions, is likely to increase the observed impedance via electrode passivation; that is, a collection of unreactive adsorbed material upon the electrode surface hindering electrochemical reactions between the diffusion layer and the electrode material. This is but one of countless proposed dopamine reaction pathways [20] ; however regardless of the mechanism, there is an agreement that the electrochemical step is followed by a chemical step, making this a complex mechanism. This creates a limitation for EIS because the experiment is conducted over a longer time frame than voltammetry, meaning that passivation is more likely to occur, which in turn may affect the returned k 0 estimation. It is known that dopamine polymerises and adsorbs upon electrode surfaces [21, 22] and could be further increasing R CT values in this case. If the EIS profiles in Fig. 4A and B are compared, it is apparent that in the case of dopamine the semicircle is more depressed than the case for hydroquinone, which is a good indication of a system that is deviating from ideal behaviour. This could be due to electrode passivation resulting from polymerisation and could explain the higher impedances observed in the case of dopamine. Hydroquinone on the other hand is a much simpler, two-proton, two-electron reaction (or perhaps two one-proton, one-electron processes combined) mechanism with little polymerisation, intra/intermolecular reactions, or surface reactions [23] . In the case of hydroquinone, the electron transfer rate constants are found to be similar using both methods. However as this is not the case for dopamine, the non-Faradaic processes are looked upon as being responsible for the difference. This work infers that these methods are only applicable for simple electron transfer, as is assumed in the case of hydroquinone.
Considered next are the limitations of this approach. While the plot of R CT versus 1/C is extremely linear, there are large errors in all cases when the concentration approaches sufficiently low (50 μM) or sufficiently high (1 mM) concentrations. As the concentration approaches zero, the EIS profile tends to be more unpredictable, which could be an effect of the high dielectric constant of water. The upper limit is likely due to a high ionic strength causing deviations according to the Debeye-Hückel limiting law. Indeed, if attention is paid to the graphs inset of Fig. 4A and B , it is apparent that the data points are deviating from linearity as the concentration increases. Therefore it is advised that this method can only be operated within a small concentration range. There is an added limitation that this method cannot be utilised in circumstances where the electrochemical mechanism is unknown because the method appears to be limited to simple systems.
It is necessary to explore different carbon substrates in order to understand whether anisotropic effects of the carbon materials affect the observed impedances utilising EIS. Furthermore, it is useful to compare EIS-and CV-determined k 0 values, because theoretically they should be the same. Table 3 summarises the k 0 values determined via CV and EIS, and it is immediately apparent that in some cases the k 0 values are measured to be similar, and in others, the k 0 values are found to be significantly different. The case of the ESPE sees a CV-determined k 0 value of 5.18 × 10 −4 cm s −1 reduce to 3.49 × 10 −4 cm s −1 when determined by EIS. This decrease is an approximate 33% decrease which is a significant difference, even if the order of magnitude is the same. It is our belief that the density of states has little to do with the differences observed between techniques, because the case of the GSPE sees the k 0 values to be the same value for both CV and EIS (2.70 × 10 −4 cm s −1 ). Therefore if the similar density of states exhibited by both electrodes from previous work is ignored [14] , there must be another constituent of the inks which is contributing to the changes in observed k 0 . The lack of information from the manufacturer reduces our capability to critically analyse the ink further. However, it can be speculated that polymeric binders play a role in reducing the EIS-determined k 0 values. The BPSE is an ink which contains polymeric binder, as determined in our previous work [14] . In the present work, a large disparity is seen between the CV-determined k 0 (4.88 × 10 −5 cm s −1 ) and the EIS-determined k 0 (2.49 × 10 −4 cm s −1 ) which is an order of magnitude different. In this case, the longer experimental timeframe of EIS appears to aid in the estimation of the k 0 value. The BSPE ink is designed to exhibit slow electron transfer kinetics by "blocking" the carbon active sites by mixing polymers into the matrix. Clearly in this case, the voltammetric currents are being affected dramatically by the binders in the ink. The case of the LRI-SPE sees the k 0 value of 2.77 × 10 −4 via CV increase to 3.30 × 10 −4 via EIS, equating to a percentage increase of approximately 20%. To summarise, the magnitude of the CV-determined k 0 decreases in the order ESPE > LRI-SPE > GSPE » BSPE. One would expect ESPE, GPSE, and perhaps even LRI-SPE to exhibit similar voltammetry as was the case with previous work [14] . The slight differences (at least, in the case of ESPE and GSPE) can be ascribed to the slight differences in surface oxygen content, which is well known to affect observed voltammetry [14] . On the other hand, the EIS-determined k 0 values decrease in the order ESPE > GSPE > LRI-SPE » BSPE. For the EIS case, the k 0 is inversely proportional to the R CT as described by Equation (8) . Therefore, a higher k 0 alludes to a lower overall impedance. In terms of the ESPE, this would be expected this to exhibit the highest because the Faradaic process is clearly the quickest at this electrode than the other three, according to the voltammetric results. Additionally, BSPE is Scheme 2. Electrochemical mechanism associated with dopamine [19] . expected to exhibit the slowest electron transfer because of the high polymer content. From the data presented, ESPE is the best electrode to use for both cases.
Finally the knowledge we have gained above is used to test electrochemically irreversible analytes as the k 0 values cannot be estimated experimentally using the Nicholson method. We know that Equation (9) can be used in cases where there is simple electron transfer. For the purposes of this section, assume the electron transfer processes to be simple. EIS becomes advantageous over CV for electrochemically irreversible systems because the k 0 value is measured from only one charge transfer reaction instead of two. Fig. 5 displays EIS profiles for ascorbic acid and norepinephrine using an LRI-SPE, accompanied by plots of R CT versus the reciprocal of the concentration. In the case of ascorbic acid, the slope corresponds to 0.1657, which when substituted into Equation (8), gives a k 0 value corresponding to 8.04 × 10 −5 cm s −1 . This value is logical considering the electrochemical irreversibility of ascorbic acid; thus it could be argued that this is a reasonable estimate for the rate of electron transfer because electron transfer is limiting the electrode processes. Similarly, in the case of norepinephrine, the apparent k 0 value is estimated to be 1.29 × 10 −4 cm s −1 , using the same method. Again, this is a slow electron transfer rate of a similar magnitude to the case of ascorbic acid. One would expect norepinephrine to be slightly quicker due to the smaller potential required for the electrode process to proceed. Scan rate studies were also performed on the two analytes to acquire information for use in Digisim, a program that computes electron transfer rate constants for electrochemically irreversible systems. The obtained data is tabulated in Table 4 , which highlights a huge disparity between the experimentally determined and simulated k 0 values for electrochemically irreversible systems. In the case of norepinephrine, Digisim™ estimates the rate constant to be 9.90 × 10 −9 cm s −1 , which is very slow and, though an electrochemically irreversible system, is low enough to warrant suspicion. The case of ascorbic acid estimates the k 0 to correspond to 6.20 × 10 −6 cm s −1 , which is more believable for an electrochemically irreversible system, and is one order of magnitude slower than EIS. If the mechanism of norepinephrine, and ECCE mechanism [24] , is considered, it is clear that complicated electrode processes are unsuitable for this sort of data analysis. Ascorbic acid, on the other hand, undergoes a much simpler electron transfer process (two electron, one proton [25] ) with no chemical steps involved. Therefore, it appears from this evidence that the Digisim™ estimations are probably valid for simple processes. Similarly with EIS, the predicted k 0 value for norepinephrine may be a more reasonable estimate than Digisim™, the ECCE nature may affect the k 0 value using this method.
Such critical assessment of k 0 between methods is, to our knowledge, the first of its kind and has been reported for users of EIS to use and improve their data analysis.
Conclusions
The electron transfer rate constants deduced from CV and EIS have been critically analysed and compared. This paper has proved that there is a difference between the k 0 values obtained via both methods of approximately one order of magnitude for the case of dopamine, yet in the case of hydroquinone, both methods predict similar rate constants for a range of carbon electrodes. It has been demonstrated that for complex electrochemical systems such as dopamine, the non-Faradaic contributions appear to contribute to the R CT component and the method currently only appears to be valid for simple electron processes. The observations in linking k 0 to the concentration have been applied to be used for the estimation of the k 0 values for two electrochemically irreversible systems (ascorbic acid and norepinephrine) with some success. Digital simulations have been acquired to compare and contrast EIS-predicted rate constants and there has been a large disparity in the predicted rate constants between the two methods, when the electrochemical oxidation of the analyte is a complicated electrode process. Therefore, EIS and Digisim comparisons should, for the moment, be strictly limited to simple electrode processes.
The procedures utilised within this paper exhibit some unfortunate limitations. Operation below concentrations of 50 μM or in excess of 1 mM is ill-advised, due to deviations in linearity. The method should be limited to simple electron processes. While this work stands as a proof-of-concept approach, it has potential to become a widely utilised method both electroanalytically for users who want to use EIS to deduce concentrations of target species within unknown sam ples, and qualitatively in cases where electron transfer rate constants are required to study electrode materials for applications such as fuel cell and battery research.
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